We proposed the possibility of spontaneous CP-violation in the simplest little Higgs model. The CP-symmetry is spontaneously broken after the pseudoscalar field requires its vacuum expected value. The scalars with different CP-charge mix with each other hence they become CP-mixing state. The existence of CP-violation in scalar sector can be confirmed through measuring a nonzero K (see the text).
I. INTRODUCTION
A 125 GeV standard model (SM) like higgs boson [1, 2] was discovered by the ATLAS and CMS collaborations [3] in 2012. It implies the success of the SM, however, physics beyond the SM (BSM) is still attractive. The little Higgs (LH) framework which contains a class of models was proposed by Arkani-Hamed et al. [4] to solve the little hierarchy problem. As a type of composite models [5] , the LH models contain a global symmetry which is spontaneous broken at a high scale f v where v = 246 GeV is the vacuum expected value (VEV) of the Higgs field. The Higgs boson is treated as a pseudo-Nambu-Goldstone boson corresponding to one of the broken generators thus it can be naturally light [4] . The simplest little Higgs (SLH) model [6] is one of such kind of models which has the minimal extended scalar sector.
In the SLH model, the global symmetry breaking [SU(3)×U(1)] 2 → [SU(2)×U (1)] 2 happens at high scale f , and the gauge group SU(3) × U(1) breaks to the electro-weak (EW) gauge group SU(2) L × U(1) at the same scale [6] . In the CP-conserving case, the SLH model contains two scalars [6] that one is a SM-like Higgs boson and the other is a pseudoscalar which can be at the EW scale or even lighter [7] .
CP-violation was discovered in 1964 through the K L → ππ rare decay process [8] . More CP-violation effects have been discovered in K and B meson sectors [2] . The KobayashiMaskawa (K-M) mechanism [9] is successful to explain all the measured CP-violation effects [2] . However, it is still necessary to search for new CP-violation sources, since the SM with K-M mechanism itself cannot generate large enough matter-antimatter asymmetry in the universe [2, [10] [11] [12] . In the extensions of the SM, there may be additional sources of CPviolation. For example, if we add more complex scalar singlets or doublets, there may be CP-violation in scalar sector [13] which can leads to a CP-mixing Higgs boson 1 . In some of these models with CP-violation, the lagrangian is CP-conserved and CP-violation is only generated from complex vacuum thus we say the CP-symmetry is spontaneously broken.
This mechanism was proposed by Lee in 1973 [15] as the first kind of two-Higgs-doublet model (2HDM) [13] . Moreover, spontaneous CP-violation is also a possible solution of the 1 For the 125 GeV Higgs boson, LHC measurements preferred a CP-even one and excluded a CP-odd one at over 3σ level through the final distribution of h → ZZ * → 4 decay assuming no CP-violation in the Higgs interactions [14] . However, a CP-mixing Higgs boson is still allowed since the contribution from pseudoscalar component should be loop suppressed.
strong CP problem [16] , and it may also have further connection with lightness of the Higgs boson [17] .
In the composite framework, spontaneous CP-violation in the scalar sector can also occur.
For example, in the SO(6)/SO(5) model (which is equivalent to the SU(4)/Sp(4) model as the next-to-minimal composite model) [18] , there are two scalars like the SLH model, and CP-violation can be spontaneously induced when the pseudoscalar field acquires VEV.
Similarly, in the littlest Higgs model, spontaneous CP-violation can be induced through the same mechanism [19, 20] . In this paper, we will propose the spontaneous CP-violation SLH model through the realization of the same mechanism.
Recently, Mao et al. proposed a model-independent method to measure the CP-violation effects in scalar sector at e + e − colliders [21] . If there are two scalars, like in the SLH model, the effective tree level interaction between scalars and Z boson should be written as
where h 1,2 denote the two scalars, g is the weak coupling constant, and θ W is the EW mixing angle 2 . The product
is a useful quantity to measure CP-violation in the scalar sector [21, 23] . K = 0 is a sufficient (but not necessary) condition of CP-violation in the scalar sector. Based on this, we can try to search for the three tree-level vertices h 1,2 ZZ and h 1 h 2 Z to confirm CP-violation in the scalar sector.
In this paper, the 125 GeV Higgs boson is denoted as h 1 , and the other scalar is denoted as h 2 . This paper is organized as following: in section II we build the SLH model with spontaneous CP-violation and obtain the domain interactions; in section III we consider the experimental constraints, especially in the scalar sector; in section IV we discuss the future tests on this model at e + e − colliders; and in section V we present our conclusions and further discussions.
2 In this paper, we denote s α ≡ sin α, c α ≡ cos α, and t α ≡ tan α for any angle α. For the h 1 h 2 Z interaction, if we consider a physical process, the final matrix element must be equivalent to the formalism written in (1) where the two terms have coefficients opposite to each other, no matter in linear or nonlinear realized model [22] . We don't consider the h i W + W − interactions in this paper in details.
In the SLH model, the fermions are in 3 or 3 * representation of SU(3) group that there must be an extra lepton and an extra heavy quark in each generation [24, 25] . In the SLH model with spontaneous CP-violation, according to [7, 24, 25] , the SM fermions' couplings to scalars h 1,2 are given as
where to the leading order we have
where U (D) i denote the SM up (down) type quarks, Q i denote the heavy quarks, and θ i denote the right-handed mixing angle between heavy quarks and the SM quarks in the same generation. We don't discuss the Yukawa couplings carefully here. More details of the physics in the fermion sector of this model are going to appear in a forthcoming paper [26] .
III. RECENT CONSTRAINTS ON THE MODEL
We have assumed m 1 = 125 GeV as the discovered scalar. However, theoretically m 2 is almost free. It can be as large as O(v) due to EW symmetry breaking, and it may also be hidden below the EW scale if µ 2 and are very small. At different mass region, the phenomenology are quite different so that most of the discussions must be divided into different parts according to m 2 . The main constraints come from collider experiments on direct searches and Higgs signal strengths, EW precision measurements [27, 28] , and electric dipole moments (EDM) of electron and neutron [29] [30] [31] . Here we don't focus on the constraints from flavor physics.
A. Constraints from Colliders Searches
For a new light h 2 , the constraints come from LEP direct searches through Zh 2 and h 1 h 2 associated production which gave [32] [33] [34] 
Here in (24), s * is the invariant mass square of final states from Z * ; and
are the momentum of h 2 in the center-of-mass frame and the relative velocity between h 2 and Z * separately. (24) is suitable for both Z on-shell and off-shell cases. When m 2 < m 1 − m Z , the dominant contribution comes from on-shell Z (with s * = m 2 Z ) and thus (24) can be reduced to
where the function
In (23) we consider only the case both two h 2 in the final state are on-shell, because h 2 is estimated very narrow (for such light h 2 , Γ 2 O(keV)) that the decay width decreased quickly when h 2 becomes off-shell. In Figure 1 we show the exotic decay widths Γ h 1 →Z ( * ) h 2 and Γ h 1 →2h 2 for different couplings c 12 and c 2 . The exotic decay width Γ h 1 →2h 2 is very sensitive to c 2 and m 2 , but it is not sensitive to f and β in most regions 5 . In Figure 2 and R ST here means the correlation between S and T parameters. Dominant contributions to S and T parameters from the scalar sector in this model are given by [6, 13, 36, 37] δS 2s
δT v
Here or small ( 1) t β regions, because in those regions, additional contributions to oblique parameters from neutral scalars are larger according to (30) and (31).
C. EDM Constraints
A fermion f 's EDM is defined through the effective interaction [29] 
which breaks both P and CP symmetries. In the SM, CP-violation comes only from complex CKM matrix that the leading contributions to the EDMs of electron and neutron arise at four-and three-loop level respectively. It is estimated that [29] d e,SM ∼ 10
which are far below the recent experimental constraints [30, 31] |d e | < 8.7 × 10 −29 e · cm,
both at 90% C.L.
The two-loop Barr-Zee type diagrams [39] give dominant contribution to the fermion EDM as [40] [41] [42] 
where Q j denote extra heavy quarks as in (20) and the loop integration functions are
For electron, its EDM can be completely described by (35) . Using the results (19) and ( In Figure 4 we show d e /κ with different β. The main constraints appear at the large or small m 2 regions. The constraints on κ are sensitive to β, however, assuming t β > 1, we have that d e /K depends weakly on t β in large t β region 7 where K = κ(t β −1/t β )/ √ 2 is defined in (2) . So the constraints on K depend weakly is usually allowed which means the constraint is not strict. Moreover, |d e | vanishes when m 1 = m 2 because of the cancelation between the contributions from h 1 and h 2 separately 8 .
For t β ∼ 1, t β ∼ 1/t β thus K ∼ 0. The SM particles' contributions to the electron EDM are all proportional to K so that the dominant contributions come from extra quarks if t β ∼ 1.
In this case, κ ∼ 10 −2 is always allowed according to the second plot in Figure 4 .
For neutron, there are three types of operators contribute to its EDM and the effective interaction can be written as [29, 40] L n,EDM = − i 2
where t a and f abc are the generation and structure constant for color SU(3) group. The quark EDM d q can be calculated from (35) , quark color EDMd q and the coefficient of Weinberg operator [43] w are both generated at two-loop level as [40, 43] 
both at EW scale µ W . The heavy quarks' contributions to Weinberg operator are negligible and the function
We consider the running effects following the appendix of [40] , and obtain the neutron EDM at hadron scale µ H [17] d n e 
The function F is defined in (28) . For a heavy h 2 , a Higgs factory doesn't have enough √ s thus we need other colliders, such as ILC [47] with √ s = (350 − 500) GeV or CLIC with larger √ s [48, 49] . For this case, c 2 can be measured through vector boson fusion (VBF) or Zh 2 associated production; and c 12 can be measured through h 1 h 2 associated production or
At CEPC with √ s = 250 GeV and 5 ab −1 luminosity, the typical 5σ discovery bound for an exclusive Higgs rare decay branching ratio is around O(10 −3 ) [44, 50] . Thus using The sensitivities for c 2 and c 12 depend weakly on m 2 in low mass region (for example, m 2 70GeV) if we directly measure the cross sections σ Zh 2 ,h 1 h 2 through the recoil-mass method [44, 51, 52] according to the simulation study in [21] . The inclusive measurement can determine the couplings and hence their product K in a model-independent way [21] .
However, with the inclusive measurements, the 5σ discovery bounds are too large facing the EDM constraints in section III for low m 2 region, though the "p T balance" method [53] is helpful to reduce backgrounds including photons. But, if we give up the inclusiveness and choose an exclusive decay channel, such as h 2 → bb, the background will become quite smaller and it would be easier to discover these processes. For example, using the h 2 → bb decay channel, the 5σ discovery bounds would become c 2 ∼ (4 − 5) × 10 −2 and c 12 ∼ (8 − 11) × 10 −2 [21, 54] which are about half of the boundaries through inclusive measurements.
Besides these, precision measurement on Br h 1 →2h 2 is also helpful to give a cross-check on the measurement of c 2 .
Comparing with the constraints in section III, in the whole m 2 70GeV region, it is possible to discover both c 2 and c 12 at 5σ level at CEPC in the allowed parameter regions and hence confirm CP-violation in the scalar sector. When m 2 (50 − 60) GeV, to measure c 12 , the rare decay channel h 1 → Z ( * ) h 2 is more effective than the production channel
Using these two channels, if both processes are discovered at over 5σ level, the corresponding K (1 − 4) × 10 −3 which is still allowed by the EDM constraint
If m 2 60GeV, the associated production channel e + e − → Z * → h 1 h 2 is more effective on discovering c 12 .
When m 2 is close to Z peak, for example, m 2 ∼ (80 − 100) GeV, for e + e − → Zh 2 /h 1 h 2 channel, large ZZ/Zh 1 background will be difficult to reduce thus the sensitivity will become worse. We need more analysis in this region. For heavier h 2 but m 2 < m 1 , 5σ discovery bound for c 2 will reach around 0.1, however, σ h 1 h 2 will decrease quickly with an increasing m 2 since it is close to the h 1 h 2 associated production threshold at CEPC. For the upper limit Figure 5 we show the decay widths and branching ratios [55] [56] [57] [58] for these decay channels of h 2 . Numerical 
V. CONCLUSIONS AND DISCUSSIONS
In this paper we propose the possibility of spontaneous CP-violation in the SLH model.
Through adding a new interaction term in the scalar potential, the pseudoscalar field η can acquire its nonzero VEV thus CP-symmetry is spontaneously broken. The two scalars with different CP-charge will mix with each other thus they are no longer CP eigenstates.
Experimentally, CP-violation in the scalar sector can be confirmed if a quantity K = 0.
We consider the recent constraints on this model, especially in the scalar sector. We also discuss the future tests for this model at future e + e − colliders. If m 2 m 1 , it can be tested at CEPC with √ s = 250 GeV. In this mass region, c 2 can be measured through Zh 2 associated production channel. c 12 can be measured through h 1 → Z ( * ) h 2 decay if m 2 (50 − 60) GeV, while it should be measured through h 1 h 2 associated production for heavier h 2 . For m 2 70 GeV, nonzero c 2 and c 12 are both possible to be discovered at 5σ level and hence K = 0 can be confirmed. While in the t β ∼ 1 region, c 12 cannot be measured thus CP-violation in the scalar sector is difficult to confirm. There is also a blind mass region, m 2 close to Z peak, which would be difficult to measure these couplings because of large backgrounds which are difficult to reduce. If m 2 > m 1 , CEPC beam energy
is not large enough and we need colliders with larger √ s.
In this paper, we focus on the future tests at e + e − colliders. However, besides e + e − colliders, we can also try to test this model for large m 2 ( m Z + m 1 = 216 GeV) region at LHC which is running. It is possible to confirm CP-violation in the scalar sector if both decay channels h 2 → V V and Zh 1 are discovered as proposed in [17, 21] . Different from e + e − colliders, at LHC, the dominant production channel for h 2 is gluon fusion that the cross section is suppressed by a factor (v/f ) 2 . However, an enhancement from extra heavy quark loops also exceeds that σ gg→h 2 can reach (3 − 4) × 10 2 · c .02 can lead to a 5σ discovery of h 2 → ZZ channel as well; however, the discovery of 10 That's because a large c 2 will lead to large partial width for h 2 → V V channels which cause a smaller branching ratio for h 2 → Zh 1 h 2 → Zh 1 is easier, it can be discovered at 3σ for the whole m 2 ∼ (250 − 300) GeV region if c 2 0.08, while the significance can increase to 5σ if c 2 0.06. These numerical results above are based on t β away from 1 which means a large c 12 ∼ O(0.1). If t β ∼ 1, the cross section would be only O(10 fb) which cannot be discovered at LHC.
